I. INTRODUCTION
Magnetic fields play an important role in plasma dynamics and particle acceleration in astrophysics [1] [2] [3] [4] [5] [6] . This has led, in the past decade, to a wide range of laboratory experiments aimed at examining the amplification, structure, and dissipation of these fields 7-12 .
Clearly, the understanding of the property of the magnetic fields in plasma require accurate diagnostics. The magnetic induction (B-dot) probe is a practical, accurate and sensitive instrument, able to make well-resolved field measurements 13 . However, this comes with several drawbacks. First of all, the B-dot is a mechanical probe that must be inserted into the plasma. This inevitably perturbs the properties of the plasma. To compensate for this, the probe must be miniaturized, such that its linear dimensions are smaller than the relevant spatial scales of interest. This poses several constraints on its construction, as a suitable B-dot probe for use in laboratory astrophysics experiments requires a bandwidth which is fast enough to resolve the dynamics of the flow 13 .
Because of this, optical diagnostics may be advantageous. While the Zeeman effect, for example, offers an entirely non-invasive method of measuring the field, the spectral line splitting for typical plasma conditions in these experiments is of the order of other line broadening mechanisms, such as Doppler or Stark broadening 14, 15 . Considering an emission line with wavelength λ = 400 nm, a B = 200 G field gives and induced broadening due to Zeeman ∆λ λ ∼ 10 −4 , far smaller than the Doppler broadening at electronvolt temperatures.
Faraday rotation of a probe laser is another commonly used technique for the measurements of magnetic fields 16 . However, for optical wavelengths, this requires the product of the magnetic field and plasma density to be large enough, typically requiring electron plasma densities n e > ∼ 10 18 cm −3 for an appreciable rotation. For instance in a 1 cm long plasma with a uniform electron density of n e = 10 18 cm −3 and a uniform magnetic field B = 200 G, as in the experiment discussed in this paper, the change in the polarization rotation angle for a 532 nm probe beam would be less than 0.001 •16 , which is challenging to measure. Alternatively, the Hanle effect, due to the depolarization of scattered light in atomic transitions involving magnetic sublevels, may also be used to measure fields in turbulent plasma. This has been applied to diagnose magnetic field in the solar atmosphere 17 . The Hanle effect has the advantage that, while the Faraday rotation cancels out on average in a turbulent magnetic field, the depolarization does not. However, when considering laboratory plasma conditions,
for n e ∼ 10 18 cm −3 , it produces a measurable signal only for fields B > 1 kG 18 .
In presence of smaller magnetic fields, Faraday rotation measurements are still possible, but they require the use of a small birefringent crystal placed within the plasma to increase the rotation. Magneto-optical probes, relying on this enhancement of the Faraday rotation, have been tested with large current-driven magnetic fields [19] [20] [21] . However, to our knowledge, they have not yet been used to measure smaller fluctuating magnetic fields in plasmas, nor tested against other diagnostics methods. Here, we discuss the results of an experiment aimed at measuring the magnetic field in a turbulent plasma. We compare the results from a magneto-optic probe to the measurements obtained with a B-dot probe.
As for the usual Faraday rotation, the magnitude of the rotation inside the birefringent crystal depends on the line integral of the component of the magnetic field along the laser path. As the electron density is constant in the crystal, the rotation angle, Φ, of an electromagnetic wave traveling along the axis of the crystal is given by
where V is known as the Verdet constant, B(l) is longitudinal component of the magnetic field, and l is the length of the crystal. We used a terbium gallium garnet (TGG) crystal 22 , which has V = 190 rad/T · m at λ = 532 nm, the wavelength of probe laser used in our experiment. The average field along the length of the crystal (L) is therefore
The probe beam was linearly polarized before entering the crystal and split by a 50/50
beam-splitter after passing through the crystal. The polarization of light after the crystal is given simply by
where I s and I p are the intensities of the two orthogonal polarizations, and T is a factor accounting for different losses in each polarization due to losses in the optical pass and varying detector response. The factor T is found by setting T I s = I p when no magnetic field is present. The jet velocity is found using Schlieren imaging, the electron density from optical interferometry and the electron temperature is determined from emission spectroscopy. These 6 will be briefly discussed below. pointed out that the magnetic field measured by the Verdet crystal is averaged over the length of the crystal (see introduction), while in the case of the B-dot the field measurement occurs locally in the collision center. Whilst intuitively it would appear that the timevarying magnetic field should be smoother for a measurement integrated along a line of sight (i.e. the Verdet probe) than for the corresponding measurement made at a single point, this is not seen in the data. It is clear from the Schlieren data (see Figure 2 ) that for both a single jet and a turbulent plasma the spatial structure of the plasma density varies significantly over the length of the crystal. As the field from the permanent magnets is at least partly advected along with the plasma flow, an anisotropic density distribution suggests 9 there will also be a inhomogeneous magnetic field. The difference between the two probe measurements are likely due to the inhomogeneity and anisotropy of the plasma. Figure 4 shows the magnetic power spectra, |B(ω)| 2 against ω/2π for the fields shown in figure 3 . In order to explain these differences, let us assume that, at any given time t, the magnetic field at a point ℓ 0 is related to the magnetic field at a point ℓ along the axis of the TGG crystal by a relation
III. RESULTS
where ℓ 0 can be assumed to be the center of the Verdet crystal, where the B-dot measurement is taken, and p is a constant to be determined. From equations (2-4), we obtain
Now, the power spectrum of the magnetic field measured at position ℓ 0 (as obtained from the B-dot data) is
with α = 4.1-4.3. The power spectrum of the magnetic field integrated along ℓ (as obtained from the Magneto-optic probe data) is
As the mean flow velocity in the plasma is larger than the velocity fluctuations, then, according to Taylors hypothesis, ℓ ∼ t. As a result of this proportionality relation, β = α + 2(p + 1). Since the measurement gives β = 1.5-2.2, we deduce that p ∼ −2. That is, the magnetic field has a real space distribution as
indicating that the magnetic field rapidly decays away from the central region. This shows that the combination of Verdet and B-dot measurements can retrieve important information on both the temporal and spatial structure of the magnetic field.
IV. SUMMARY
A probe based on optical Faraday rotation has been used to measure the time-dependent magnetic field in a jet and in a collision between turbulent jets. In both cases the measured fields and spectra were compared to measurements taken by a magnetic induction probe.
We show that the two measurements yield identical results if the magnetic field is assumed to rapidly decay away from the center of the interaction region. The principle benefit of a magneto-optic probe over the magnetic induction probe is it's improved bandwidth, as is demonstrated in figure 4 . Council of the United Kingdom, and by AWE plc.
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